ABSTRACT The goals of this study were (1) to investigate the performance of 2 classical methods of kinetic analysis when applied to data from enzyme systems in which mechanism-based inactivation and enzyme degradation are present, and (2) to develop and validate a nonlinear method of kinetic data analysis that may perform better under these situations. A composite equation was derived to link various parameters that govern the kinetics of mechanism-based inactivation, viz., enzyme activity, inhibitor-binding affinity (K I ), inactivation rate (k inact ), and enzyme degradation (k deg ). The relative accuracy and precision of parameter estimation by the Dixon and Kitz-Wilson methods and a new nonlinear method were evaluated by computer simulation. The behavior of these methods of analysis were validated experimentally, using the nitric oxide synthase enzyme, both in purified form and as expressed in murine macrophage cell cultures. We showed that the Dixon method, as expected, could not provide accurate estimates of K I in the presence of either enzyme inactivation or instability. The Kitz-Wilson method could provide accurate estimates of these parameters; however, the precisions of these estimates were poorer than those obtained using the nonlinear method of analysis. We conclude that the nonlinear approach is superior to classical methods of data analysis for enzyme inhibitor kinetics, based on better efficiency, accuracy, and precision.
INTRODUCTION
Enzyme inhibition represents one of the most common strategies in the development of therapeutic drug candidates. The inhibitory potency and selectivity of these agents are important factors that govern the in vivo effect and risk of metabolic drug interactions. Because inhibitory potency is linearly related to the binding affinity (K I ), this parameter can be a valuable predictor of in vivo potency (1) . In addition, K I parameters are commonly used to screen inhibitors for isoform selectivity (2-4) and drug interaction potential (5) . The reliability of K I as an indicator of in vivo potency and selectivity is obviously dependent on the accuracy and precision of its in vitro estimation (5) . Thus, it is essential that the method of data analysis provide accurate and precise estimates of K I .
Classical methods frequently employed in screening inhibitors for K I in vitro do not account for mechanism-based inactivation, which has been demonstrated for a wide variety of enzymes and inhibitors (6) (7) (8) (9) (10) (11) . Unlike competitive inhibitors, mechanism-based inactivators (MBEIs) are metabolized by the bound enzyme to a reactive intermediate that results in irreversible inactivation (12) (13) (14) . Another process not accounted for by standard methods is enzyme degradation. Enzyme activity may diminish in vitro through enzymatic degradation (15) . Use of the classical methods, in the presence of enzymatic instability or inactivation, may adversely influence the accuracy of K I estimation. In addition, the linearization of data required by the classical methods may decrease the precision of K I estimation.
The Dixon and Kitz-Wilson methods represent 2 of the most commonly used methods for the estimation of K I (16, 17) . Both of these methods require the use of several assumptions and data linearization. The Dixon method requires an assumption of enzyme stability and of a strictly reversible binding mechanism of action. This method is based on the classical Michaelis-Menten equation for competitive inhibition.
Equation 1:
The Dixon method arises from a linearization of Equation 1 to afford an estimate of the K I parameter.
Equation 2:
A plot of 1/v versus [I] yields a straight line. When 1/v = 1/V max , Equation 2 reduces to Equation 3, allowing an estimation of the K I parameter based on the absolute value of the inhibitor concentration at this point.
Equation 3: K I = -[I]
An appropriate method for the kinetic analysis of mechanism-based inactivation has been described by Kitz and Wilson (16) . This method is based on Equation 4 , which describes the loss of functional enzyme with time. E(0) represents the maximal enzyme activity following preincubation in the absence of inhibitor and E(t) represents the maximal enzyme activity following preincubation with inhibitor for a certain time, t. The apparent inactivation rate (k app ) is described by the slope obtained when the left-hand side of Equation 4 is plotted against time. The value of k app depends on [I], K I , and the first-order inactivation rate constant, k inact .
Equation 4:
Estimates of k inact and K I are obtained by linearizing the k app portion of Equation 4 to obtain Equation 5.
Plotting 1/k app versus 1/[I] yields a straight line with an intercept of 1/k inact and a slope of K I /k inact .
Equation 5:
If enzyme loss due to instability is similar in the presence or absence of inhibitor, then changes in the ratio of E(t) and E(0) should exclusively reflect mechanism-based inactivation. Therefore, enzyme instability should not influence the accuracy of this method. However, the use of the Kitz-Wilson method requires data linearization that may adversely affect its precision.
Because of the widespread application of the K I parameter in pharmacodynamic and pharmacokinetic predictions, we have examined the accuracy and precision of its estimation by these 2 classical estimation methods. Competitive binding, enzyme instability, and mechanism-based inactivation frequently occur simultaneously under in vitro conditions. The K I parameter estimated by the Dixon method, under these circumstances, may not reflect its true value (18) . Despite the required assumptions of enzyme stability and competitive inhibition, the Dixon method has been used, inappropriately, in the kinetic analysis of mechanism-based inactivation (19) (20) (21) . Here, we seek to characterize the consequences of inappropriate application of the Dixon method in the presence of mechanism-based inactivation. Because parameter estimation by both Dixon and Kitz-Wilson methods requires several linearization steps, we have also examined the relative precision of parameter estimation by these methods. The accuracy and precision of parameter estimates obtained by these methods were examined using computer simulations and experimentally. In this report, we describe a nonlinear method that permits efficient, accurate, and precise estimation of both K I and k inact parameters. The new kinetic method of analysis was validated by comparison with the Kitz-Wilson method, using nitric oxide synthase and its MBEI, L-N G -methyl-arginine (L-NMMA) (21) . (19) (20) (21) and our own experimental observations, illustrated here with regard to mechanism-based inactivation of NOS by L-N G -methyl-arginine (L-NMMA).
MATERIALS AND METHODS

Chemicals and Supplies
Effect of Enzyme Inactivation on the K I of L-NMMA Estimated by the Dixon Method for NOS
J774 cells were grown to confluence in 75-cm 2 flasks in 12 mL of Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum. Cells were then incubated for 18 to 24 hours in the presence of 2 μg/mL of lipopolysaccharide from Serratia Marcescens in complete medium for the induction of NOS. Following induction, the medium was removed and cells were suspended in fresh complete medium. One-mLsuspensions of 1 x 10 6 cells were then added to 5-mL gas-tight reaction vials containing 100 units of superoxide dismutase. Vials were capped immediately following the addition of L-NMMA for final concentrations of 0, 150, 300, 600, and 1200 μM. Appearance of nitric oxide was assayed by chemiluminescence at 10, 20, 30 40, 50, and 60 minutes, as previously reported (22) . To observe the influence of inactivation on K I estimation, Dixon plots were constructed at the selected time points. The mean and standard deviation of the reported K I and k inact values were obtained by analyzing the data from triplicate experiments.
Estimation
Evaluation of the Precision of Parameter Estimates Obtained From the Various Kinetic Methods of Analysis
The accuracy and precision of the various methods were assessed using simulated data with observation error. Simulated data points were obtained using Equation A9 and ADAPT II (Biomedical Simulations Resource, CA). A variance model, which caused random observation error based on a coefficient of variation of 15%, was used to simulate experimental variability. For all simulations, K I , K m , and [V] (0) max were fixed at 2.5 μM, 2.5 μM, and 100 pmol/minute, respectively. The chosen distribution of mean parameter values is consistent with literature reports (19) (20) (21) and our own experimental observations, illustrated here with regard to mechanism-based inactivation of NOS by L-NMMA.
Theoretical data were generated using Equation A9
for kinetic analysis by the Dixon method. Triplicate sets of data with variability were generated for five inhibitor concentrations (1.0-5.0 μM) at 3 different substrate concentrations (1.25, 2.5, and 5.0 μM), for a total of 45 simulated observations. Consistent with the required assumptions for use of the Dixon analysis, k inact and k deg parameters were fixed at 0.0 minute -1 . Under these conditions, Equation A9 reduces to the standard competitive inhibition equation. Simulations were performed in triplicate to attain 3 separate estimates of the K I parameter. This procedure was performed to assess the ability of the Dixon method to predict a true value of K I of 2.5 μM under ideal conditions, in which no underlying assumptions are violated.
Using Equation A9, data were also simulated for analysis by the Kitz-Wilson method. Simulated data were analyzed by the classical Kitz-Wilson method depicted in Equations 4 and 5. Triplicate sets of E(t) data were generated for 3 time points (10, 20 , and 40 minutes) and 5 inhibitor concentrations (0.625-80 μM) for a total of 35 simulated observations. Triplicate sets of E(0) data were generated for 3 time points (10, 20 , and 40 minutes) in the absence of inhibitor for a total of 9 simulated observations. Therefore, a total of 44 simulated observations were used for this analysis. Data were generated in triplicate to obtain 3 separate estimates of K I and k inact . This procedure was performed to assess the ability of the Kitz-Wilson method to predict a true value of K I and k inact of 2.5 μM and 0.05 minutes -1 .
The same data, simulated for the Kitz-Wilson analysis, were used to estimate K I and k inact by the proposed nonlinear method. Three estimates of K I and k inact were made using PCNONLIN 4.2 to describe the relationship between inhibitor concentration and rate of loss of enzyme activity depicted in Equation 6 .
RESULTS
Effects of the Presence of Enzyme Inactivation and Degradation on the K I Estimated by the Dixon Method
Equation A9 represents enzyme activity in a system in which competitive binding, mechanism-based inactivation, and enzyme instability occur simultaneously. This equation represents the model from which all theoretical data were generated. Using computer simulations, we obtained the classical form of the Dixon plot, independent of inactivation rate or exposure time to inactivation ( Figure 1 and Figure 2 , insets). Similar to the classical plot, the simulated lines converged at the point in which 1/v = 1/V max . However, this convergence point was no longer purely a function of the true K I value but was influenced by exposure time and inactivation rate. Our results indicate that the apparent estimate of K I will decrease exponentially with increasing inactivation rate or exposure time to inactivation Figure 1 and Figure 2 . Unlike inactivation, the presence of enzyme degradation did alter the general appearance of the Dixon plot, although apparent linearity was preserved. Although the simulated lines converged at the theoretical value of -;2.5 μM on the x-axis, this intersection occurred above the horizontal 1/V max line (Figure 3 ). The degree of deviation from the 1/V max line became larger with increasing degradation rates (data not shown). When the K I was determined at different times of L-NMMA incubation with NOS in J774 cells, the resultant Dixon plots were also apparently linear, but the estimated K I values were time dependent ( Figure  4) . As predicted by Equation A9, the apparent K I values estimated by the Dixon method decreased exponentially with exposure time to L-NMMA (Figure 4, inset) .
Effect of Enzyme Inactivation on the K I of L-NMMA Estimated by the Dixon Method for Nitric Oxide Synthase
K I and k inact of L-NMMA for NOS, as Estimated by the Kitz-Wilson and the Nonlinear Method
The Kitz-Wilson method could be applied to the inhibition data of L-NMMA and NOS to allow estimation of both the K I and k inact parameters ( Figure  5 ). From the Kitz-Wilson analysis, we estimated K I and k inact to be 1.55 ± 1.15 μM and 0.07 ± 0.01 minutes -1 , respectively. Using Equation 6 and PCNONLIN, we were able to describe the same data set obtained for L-NMMA and NOS ( Figure 6 ). Using this nonlinear method, we obtained K I and k inact estimates of 1.35 ± 0.22 μM and 0.07 ± 0.00 minutes -1 , respectively. Estimates obtained by the 2 methods were not significantly different, as determined by Student's t test (P < 0.05). 
Precision of Parameter Estimates Obtained From the Various Methods
Under ideal conditions, all 3 methods yielded accurate estimates of K I (2.5 μM) and k inact (0.05 minutes -1) from the simulated data with variability. However, the highest precision of estimation was obtained by the nonlinear method, as evidenced in the smaller coefficient of variation of the parameter estimates (Table 1) . 
DISCUSSION
Accurate and precise estimation of an enzyme inhibitor binding affinity for selected enzymes is an important step in predicting in vivo potency, selectivity, and potential for metabolic interaction. The binding affinity is sometimes estimated in vitro under conditions in which many enzymes are unstable. In addition, metabolism of inhibitors can result in mechanism-based enzyme inactivation. Because many kinetic methods of analysis do not account for the simultaneous effects of reversible binding, mechanism-based inactivation, and enzyme degradation, the K I parameter estimated in such systems may be inaccurate. In addition, the linear transformation of data required by classical methods may result in imprecise estimates of K I by distorting the observed experimental error (23) . To gain an appreciation of the kinetic processes governing these systems, we have derived an equation for enzyme activity that accounts for k inact and k deg (Equation A9 ). This mathematical relationship is consistent with the known kinetic behavior of mechanism-based inactivation systems. Equation A9 was used to generate theoretical data, which were analyzed by several methods of analysis to determine accuracy and precision of parameter estimation. The Dixon and Kitz-Wilson methods were chosen because of their widespread use in the analysis of the kinetics of enzyme inhibition. Results obtained from these methods were compared to that obtained using a nonlinear method.
When the Dixon method was applied to the theoretical data, we observed that the inactivation rate (k inact ) and exposure time significantly influenced the resultant K I estimate. Increasing inactivation rates or exposure times to inactivation led to an exponentially increasing degree of inaccuracy ( Figure  1 and Figure 2 ). Despite the greater than 10-fold estimation error observed at the highest inactivation rates or exposure times, the general appearance of the Dixon plot remained unaltered ( Figure 1 and Figure  2 , insets). Consistent with these predictions, we have observed a time-dependent decrease in the apparent K I parameter of L-NMMA for NOS in cell culture (Figure 4, inset) . This exponential decline in the K I estimate occurs despite the observation of linear Dixon plots (Figure 4 ). Unlike inactivation, the presence of enzyme degradation did affect the general form of the Dixon plot. Higher rates of degradation (k deg ) led to a convergence at points farther above the horizontal line at 1/V max ( Figure 3 (19, 24) . In addition, the observed form of the Dixon plot resulting from enzyme degradation may erroneously be interpreted as resulting from a noncompetitive inhibitory mechanism.
The Kitz-Wilson method accounts for enzyme inactivation and is insensitive to enzyme instability. Therefore, it is a relatively more robust method for the estimation of the K I parameter. However, this method requires data linearization and parameter estimation by a 2-step linear regression (Equations 4 and 5), which may adversely influence the accuracy and precision of estimation, particularly when the data contain substantial variabilities. Our nonlinear method offers several advantages in determining the kinetics of these systems. From our experimental data of in vitro NOS inhibition by its MBEI, L-NMMA, the Kitz-Wilson method provided estimates of K I and k inact of 1.55 ± 1.15 μM and 0.07 ± 0.01 minutes -1 , respectively ( Figure 5 ). In comparison, the nonlinear method provided estimates of K I and k inact of 1.35 ± 0.22 .M and 0.07 ± 0.00 minutes -1 , respectively ( Figure 6 ). These estimates were not significantly different from one another (P > 0.05, Student's t test), but the precision appeared to be improved using the nonlinear method.
To further evaluate the precision of the 3 methods, we used ADAPT II to place random measurement errors on the simulated observations. Under conditions in which no underlying assumption was violated, all 3 methods provided accurate estimates of the inhibitory parameters (data not shown). However, the highest precision was observed using the nonlinear method (Table 1) . The higher precision observed with the nonlinear method is, at least in part, a result of using nonlinear parameter estimation instead of the linear transformation and regression used for the other 2 methods.
In conclusion, these results indicate that the Dixon analysis would yield plots of classical appearance in spite of the presence of mechanism-based inactivation. Because the K I estimate becomes timedependent under these circumstances, estimation of this parameter at 2 time points may be an efficient way to detect the presence of enzyme inactivation. Our work also suggests that a nonlinear method can provide more precise parameter estimates than the classical Kitz-Wilson method in the presence of mechanism-based enzyme inactivation. Precision may be further enhanced using nonlinear parameter estimation programs such as ADAPT II that allow estimation of appropriate data weighing functions. Enhanced precision, as observed with this nonlinear estimation method, may afford an improved ability to tease out the relative potency and selectivity of inhibitor candidates, and to allow more efficient screening by minimizing the number of data points required for parameter estimation. In addition, the form of the nonlinear equation lends itself to more efficient parameter estimation. Equation 6 requires data acquired at only 1 time point, unlike the several time points required for the Kitz-Wilson method. Both the Dixon and Kitz-Wilson methods were developed before the widespread availability of computers and software designed for nonlinear parameter estimation. Now that these resources are widely available, nonlinear methods, such as the one described here, should be used to obtain more accurate and precise estimates of kinetic parameters in these systems.
APPENDIX
Derivation of Equation A9
For the purposes of the derivation, it was assumed that enzyme degradation occurs at the same rate for free and bound concentrations of the enzyme (illustrated below). Although the validity of this assumption may be questionable, because of the stabilizing properties of many ligand-protein systems, this assumption is applied here for all methods of kinetic analysis. The implications of violating this assumption are beyond the scope of this work. Another assumption made in this derivation is that a rapid equilibrium occurs for both substrate and inhibitor binding. Therefore, additional considerations should be made for the rate constants of association and disassociation when this rapid equilibrium assumption is violated. 
